Introduction
Anti-reection (AR) layers have frequently been applied to the surface of optoelectronic devices to reduce light reection and increase light transmission within a specic wavelength range.
1,2 Conventional techniques use single-layer and multilayer thin-lm AR coatings, although they have some disadvantages in the thin-lm stacks such as material selection, thermal expansion mismatch, and interfacial instability. 3 Since the corneas of nocturnal-moth eyes were observed in 1967 by Bernhard, 4 the surface-relief arrays have been considered an alternative to thin-lm coatings. The subwavelength structures produce a gradient refractive index prole between the material (refractive index > 1) and air (refractive index ¼ 1) to reduce Fresnel reection and also provide a more effective thermal stability and durability than surface coatings because only one material is used. [5] [6] [7] Furthermore, the subwavelength structures have a period sufficiently smaller than the wavelength of light, and they satisfy the zeroth-order diffraction condition and suppress all higher orders of diffraction.
Solar cells have received signicant attention as a potential renewable energy source. Their structures can be categorized as bulk or thin-lm devices. The thin-lm materials include Cu(In,Ga)Se 2 (CIGS), amorphous silicon, and CdTe. 8, 9 Among these solar materials, CIGS has the greatest potential as the next generation of photovoltaic devices because CIGS solar cells have signicant potential as a source of low-cost, high-efficiency solar electricity with the production efficiency greater than 20.3%. [10] [11] [12] Investigating the AR layers with subwavelength structures is an accurate technique for improving the conversion efficiency.
13,14
Zinc oxide (ZnO) is a wide direct band gap (3.37 eV) semiconductor with a high exciton binding energy (60 meV) and excellent chemical and thermal stability. It has received considerable attention for its applications in numerous optoelectronic devices. [15] [16] [17] It is noteworthy that the reduction of absorption within the AR layer decreases the optical loss in the visible region in solar cells. Consequently, various ZnO nanostructure congurations have been reported recently, including nanowires, 18 nanorods, 19 nanotubes, 20 and nanobelts. 21 In the past few years, the fabrication processes such as electron beam lithography and dry etching have been widely used to fabricate different AR nanostructures. [22] [23] [24] However, they are not suitable for mass production of nanostructures on large-area solar cells and the process-induced surface recombination defects will decrease the device performance. Consequently, the nanostructures fabricated by using bottom-up grown methods have been developed, such as molecular beam epitaxy, 25 vaporliquid-solid 26 growth and chemical vapor deposition. 27 In the bottom-up grown methods, the hydrothermal method is a promising method to grow ZnO nanorod arrays, because of its relatively simple fabrication and capacity for growth over large areas, low temperature, and cost efficiency. Moreover, the ZnO nanorod arrays can grow on any surface of a device by a hydrothermal method. Therefore, fabricating the ZnO nanorod structure as an AR layer was a great method.
To our knowledge, there are few studies that have discussed the characteristics of chalcopyrite solar cells with AR nanostructures. Additionally, the angle-resolved spectral reectance of AR nanostructures had yet been studied for chalcopyrite solar cells. This study examines a hydrothermal method for growing ZnO nanostructures for the AR layer on the surface of CIGS solar cells. We experimentally investigated the optical properties of two types of nanostructures: nanorod and nanotree. By fabricating the different nanostructures, the varied proles of the effective refractive index can be obtained. These results of CIGS solar cells with both AR nanostructures were compared with the bare one. The critical features of the AR coatings, such as broadband and omnidirectional properties, have been examined by measuring the angular reectance. Owing to the enhanced antireective properties, the power conversion efficiency of the CIGS solar cell with the ZnO nanostructures can be effectively improved as compared to a bare solar cell.
Experimental section
The fabrication process for the CIGS solar cell with an Al-doped ZnO (AZO)/i-ZnO/CdS/CIGS/Mo/soda-lime glass substrate structure shown in Fig. 1(a) is as follows: Deposition of the 0.9 to 1.1 mm Mo layer back electrode is performed using a DC magnetron sputtering system. The 2 mm CIGS absorber layer was grown using a co-evaporation technique. The 50 to 60 nm CdS layer was deposited using a chemical bath deposition (CBD) technique. The 50 to 60 nm i-ZnO layer and the 600 to 800 nm AZO layer were deposited using radio frequency (RF) magnetron sputtering. Finally, the Al grid is deposited using thermal evaporation as a top electrode.
ZnO nanostructures are grown hydrothermally to fabricate the subwavelength ZnO nanostructure on the CIGS solar cell surface. First, the transparent AZO conductive oxide layer is used as a seed layer for ZnO nanorod array growth. The aqueous solution for growing the ZnO nanorod is prepared by mixing the same concentration of 0.01 M zinc nitrate hexahydrate (Zn(NO 3 ) 2 6H 2 O, Aldrich) and 0.01 M hexamethylenetetramine (C 6 H 12 N 4 , HMT, Aldrich). The hydrothermal chemical reactions for the ZnO structures are as follows:
(1)
Aer mixing the two aqueous solutions, the solar cells are immersed in the solution at 90 C for 9 h. D.I. water is used to clean the cell aer the nanorod growth process is completed before it is heated to 60 C in air for 1 h. A 100 nm AZO layer is then deposited using RF magnetron sputtering as a seed layer for ZnO nanobranches array growth. Aerward the hydrothermal process is repeated until the length of branches meets the requirement. The deposited prole and surface morphologies of the fabricated ZnO structures on cells are observed using eld emission scanning electron microscopy (FESEM, Hitachi S-4700I). Crystalline ZnO structures are analyzed using X-ray diffraction (XRD). The angle-dependent reectance is measured using a UV-VIS-NIR spectrophotometer for wavelengths between 400 and 1000 nm with incident angles between À60 and 60
. The CIGS solar cell performance is measured at room temperature using a solar simulator at an irradiation intensity of 1000 W m À2 (AM1.5G).
Results and discussion
The CIGS solar cell surface morphology with and without vertically aligned ZnO nanostructures is shown in Fig. 2 . Fig. 2 (e) and (f) show the ZnO nanobranches subsequently grown on the nanorod arrays. The diameter of the ZnO nanobranches ranges from 40 to 50 nm, and the mean height is approximately 400 nm. The diameters of the ZnO nanobranches are relatively small than those of the nanorods, originating from the different grain sizes of the seed layer for growing rods and branches. Fig. 2(f) shows that the ZnO nanobranches are not perpendicular but oblique to the columnar surface of the nanorods. According to previous literature, in order to achieve high transmittance and low reectance of efficient AR structures, the shape of the structure should be fullled by the following conditions:
where h is the height of the ZnO nanostructure, l longest and l shortest are the longest and shortest operational wavelengths respectively, L is the center-to-center spacing of the ZnO nanostructures, and n is the refractive index of the material. In this paper, the operational wavelengths of the CIGS solar cell were set at wavelengths from 400 to 1000 nm that were excellently absorbed in a CIGS solar cell. Therefore, according to eqn (5), the height of the nanostructures should be higher than 400 nm, and the diameter of the nanostructures should be smaller than 200 nm according to eqn (6) . In this work, the ZnO tree-like nanostructures grown on the CIGS solar cell fullled the theoretical requirements and achieved efficient AR structures as shown in Fig. 2 . In order to more clearly investigate the crystal of ZnO nanostructures, the ZnO nanorod and nanotree structures grown on the AZO lm are also investigated. Fig. 3(a) shows an XRD pattern of the ZnO nanorod and nanotree grown on the AZO lm. The strong diffraction peak at 34. shows that perpendicularly oriented ZnO crystals form the CIGS solar cell surface, as well as other crystal planes. Additionally, the XRD analysis corresponds to the SEM images.
To investigate the AR characteristics of the nanostructures over the broad range of wavelengths, Fig. 3(b) shows the reectance of the CIGS solar cells with ZnO nanorod arrays and ZnO nanotree arrays compared with a bare CIGS solar cell. The reectance is measured using an integrating sphere at the normal incidence of light. The result indicates that the ZnO nanostructures reduce the reectance compared to that of a bare CIGS cell. The mean reectance of the bare CIGS cell is approximately 8.27%, whereas the mean reectance of the CIGS cell with ZnO nanorods grown on the surface decreases to 3.84%. Finally, the mean reectance decreases to 2.51% when the nanotrees are grown on the surface. ZnO structures grown on the CIGS cell surface cause the amplitude of the interference fringe in the visible range (400 to 800 nm) to fade. Moreover, the reectance decreases at every wavelength. Therefore, this study proposes that the ZnO nanostructures are suitable for wavelength-independent AR coatings for CIGS solar cells. Fig. 3(c) shows the images from (right) a bare CIGS solar cell and (le) that with nanotrees. The reection characteristics of these AR-coated cells are imaged using the reection of a school badge on paper. The grown ZnO nanotrees degraded the brightness of the reection characteristics, which is in agreement with the results shown in Fig. 3(b) .
The incident angle-dependent optical properties are crucial for solar cells because of the movement of the sun. To evaluate the performance of omnidirectional AR characteristics, Fig. 4(a)-(c) show the measured angle-dependent reectance of CIGS solar cells with at (bare cell), nanorod, and nanotree layers, respectively. The angle-dependent mappings were conducted on the CIGS solar cells at wavelengths from 400 to 1000 nm. The reectance spectra are measured at incident angles between À60 and 60 . The red and blue colors in the color bar represent the low to high reectance. These angledependent mappings show that the lowest reectance is that of the CIGS solar cell with the nanotree structures. Therefore, the nanotree structure successfully reduces the broadband reec-tivity at the normal incidence and reduces reectance for incident angles between À60 and 60 . The variation in reectance behavior is attributable to the gradual refractive index from the air to the cell surface and has been studied by several scholars. 31, 32 To compare the angle-dependence of solar power harvesting, an AM1.5G solar-spectrum weighted reectance was calculated using the following equation to express the antireective power of the nanostructures and plotted in Fig. 4(d) . where R(l) is the measured reectivity shown in Fig. 4(a)-(c) , and I AM1.5G is the photon ux density of the AM1.5G solar spectrum. As shown in Fig. 4(d) , the weighted reectance of the nanotree cell shows an excellent decrease at every wavelength compared to the bare and with nanorod cells. It is noteworthy at an incident angle of 60 , the weighted reectance of the nanotree cell is approximately less than 5%, while the bare cell is 13%. This observation reveals that the angle-dependence for AR coating of the ZnO nanotree is more suitable for CIGS solar cells than others. Besides, in order to maximize the efficiency of light collected, the sunlight tracking system is also generally used to minimize the angle of incidence between the incoming light and a solar cell surface. Taking the ZnO nanotree as an AR layer on a solar cell, they not only inhibit the broadband reectivity at normal incidence but also can reduce optical reection for a large incidence of light, promising a superior photocurrent generation over an entire day. Consequently, growing a ZnO nanotree structure as an AR layer is a potential candidate for saving the cost of a sunlight tracking system. In the past, theoretical papers approximate sub-wavelength structures as effective multilayer stacks and use the effective medium theory (EMT) to describe the optical properties, in which the refractive index increases gradually from air to the AZO layer. [33] [34] [35] Therefore, the EMT adopted to explain the Fresnel reection can be efficiently suppressed by the ZnO nanostructures. The geometric features can be observed in the SEM images, which provide the estimative size of different ZnO nanostructures, as shown in Fig. 2 . While the incident light is reected from the surface, the wavelengths of reection will be reduced through destructive interferences, where the phases of the waves will cancel one another partially or wholly. Particularly, the reectance may decrease at the surface with ZnO nanostructures, owing to the enhanced destructive interferences. In addition, from the previous research on the effective multilayer thin-lm AR coatings, the reectance of a multilayer was lower than that of a single layer and the bandwidth may become broader. 36 The phenomenon originates from the fact that the multilayer thin-lm AR coatings have a smoother grading in the refractive index. In this work, the ZnO nanorod structure can be treated as an effective single layer, and the ZnO nanotree structure as an effective double layer. The effective refractive index (n eff ) of the grown ZnO nanostructure can be calculated using the following weighting formula:
where f is the lling factor by ZnO nanostructures, and n ZnO and n air are refractive indexes of ZnO and air, respectively. In the calculations, the refractive index of ZnO is about 2.1, and the lling factor is estimated from the SEM images. For the ZnO nanorod structure, the lling factor was 0.22 and the value of n eff was calculated as 1.32 for the height of a 1 mm ZnO nanorod. For the ZnO nanotree structure, the lling factor was 0.49 (0.154) at the stem (branch) of the tree structure. Therefore, the effective n eff of the stem and branch were calculated as 1.64 and 1.23 respectively. The calculated refractive index proles are plotted in Fig. 5 . As shown in Fig. 5 , the ZnO nanorod and tree structures exhibit equivalent two-step and three-step variations of refractive index proles, respectively. These characteristics in nanostructures with the rod and tree are similar to those shown in the effective single layer and double layer. Therefore, the solar cell with a nanotree structure was expected to possess the lower reection due to the smoother grading in the effective refractive index prole than the bare CIGS cells and those with nanorod structure. Fig. 6 shows the CIGS solar cells with ZnO nanorod arrays and ZnO nanotree arrays in the AM1.5G light spectrum compared to a bare CIGS solar cell. The parameters are shown in Table 1 Because of the enhanced AR effects, the extra gain in photocurrent G jsc for the CIGS solar cells with ZnO nanorod arrays and ZnO nanotree arrays are 6.81% and 10.62%, respectively. Moreover, the ZnO nanotree AR effect enhanced the conversion efficiency to 10.02% because of the increase in short-circuit current. Additionally, the shunt resistances and series resistances in these solar cells were approximately 500 and 5 ohm cm 2 , calculated from the current density-voltage curves. This result means that the electricity of the CIGS solar cell with ZnO nanostructures grown by the hydrothermal process was less affected. Consequently, the ZnO nanorod structure is expected to be a suitable alternative AR layer for electro-optical devices in the future.
Conclusions
In conclusion, a CIGS solar cell with nanotree arrays is shown using a hydrothermal deposition method. The ZnO nanotree arrays possess superior AR properties across a broad spectral range and angles of incidence. Because the structures can reduce surface Fresnel reection, the mean reectance of the bare CIGS solar cell and those with the ZnO nanotree arrays are 8.24% and 3.59%, respectively. Moreover, the ZnO nanotree AR effect enhances the conversion efficiency to 10.02% because of the increase in short-circuit current. Therefore, because of the cost-efficient and low-temperature fabrication process, this study proposes that the discussed nanotree arrays are a suitable alternative AR layer for other electro-optical devices. 
